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1. [bookmark: _Toc186455274][bookmark: _Toc219113221][bookmark: _Toc186455125][bookmark: _Toc186455257]Abstract

This reflection captures the individual’s contribution to a presentation delivering a comprehensive run through of key topics that are fundamental to Polymer Bonded Explosives (PBX). Focusing on polymers and how they are designed to create binders which are incorporated into energetic fills whilst resisting degradation through life is critical to ensuring safety, reliability and performance.  


2. [bookmark: _Toc219113222]Introduction

2.1. The purpose of this reflection is to capture the individual’s contribution to a presentation on the “Materials Chemistry and Ageing of Polymer Bonded Explosives.” 

2.2. This covered the background chemistry of the formation and utilisation of polymers and how they can be used to create useful binders and additives that contribute to the safety, stability and performance of Polymer Bonded Explosives (PBX). The importance of demonstrating these attributes have been woven throughout the presentation delving into the physical and chemical properties as well as degradation mechanisms that impact how they function. This has then related to crystallography of the energetic fill painting a holistic view of PBX. 

2.3. The main tasks are:

· Work with fellow presenters to understand the overarching topics of PBX and determine who will be responsible for which area. 
· Research and understand materials chemistry that make up polymers in PBXs.
· Use experience from professional career to relate the chemistry and its importance to safety, stability and performance. Highlighting factors that can be affected and its result. 
· Summarise and present this information in enough depth relevant to the audience being presented to within the timeframe allotted. 
· Reflect on the presentation, capturing key concepts, technical explanation, references and relevance to OME. 

2.4. For this presenter’s presentation the focus is on polymers, the key topics covered by this presenter are delivered slides 1 – 20 and slides 36 – 45. Key concepts from the presentation will be expanded upon below. Instead of reiterating all information please see the presentation, Annex A. For a complete list with brief explanations of each slide, see Annex B. 
3. [bookmark: _Toc219113223]Supporting Technical Explanation and Relevance to OME

3.1. PBXs are a composite material composed primarily of a crystalline energetic providing the explosive energy that is embedded within a polymer matrix generally around 5-20% weight improving safety and reliability.

3.2. A polymer is a chain of repeating monomers used to create larger molecules that can be organic or synthetic. To create polymers, the two fundamental methods are step growth (condensation) and chain growth (addition) polymerisation. See Annex A.[footnoteRef:2] [2:  Photoinitiated Crosslinking Polymerisation is another method that uses UV rays to turn multifunctional monomers into crosslinked polymer by chain reaction by radical or ions. This can be seen in a wide range of application, for example resin 3D printing. [15] 3D printing via vat polymerisation is being investigated for making explosives. [16]] 


3.3. These polymers go on to form linear, branched, networked and cross-linked structures, and the morphology are fundamental in determining polymer properties. Linear chains can pack tightly thus having lower enthalpy, promoting crystallinity. Whereas branched hinders close packing leading to more free volume and higher enthalpy, creating amorphous regions. As such, crystalline polymers have a structured order giving it high mechanical strength and thermal stability creating thermosetting plastics. Amorphous has no regular structure making it less rigid and flexible creating thermoplastics. However, semi-crystalline is the best of both. See figure 1. 

3.4. In addition, cross-linked polymers are chemically bonded together, forming a strong, three-dimensional network that also resist oxidative chain scission. This stores more internal elastic energy and restricts motion having higher enthalpy compared to linear. Crosslinking even raises glass transition temperature as the system requires more enthalpy to mobilise segments.

[image: ]
[bookmark: _Toc219113130]Figure 1 - Amorphous and Crystalline Morphology [1]
3.5. Now if these amorphous and crystalline regions were to be used together, this creates thermoplastic elastomers that incorporates dual-phase morphologies.[footnoteRef:3] These are polymers that are elastic at room temperature. Have two regions, soft block (elastomeric portion) and the hard block (thermoplastic portion). Utilise physical crosslinks and not covalent bonds which allows to be remoulded, reshaped and reused. See figure 2.  [3:  However, it has been seen that the degree of crystallinity in the binder can change due to aging as well as thermal cycling and degradation. An increase in crystallinity will lead to the PBX becoming harder and more brittle, degrading its mechanical properties and increase sensitivity.] 


[image: ]
[bookmark: _Toc219113131]Figure 2 - Thermoplastic Elastomers [2]
3.6. As per the presentation, temperature and its effect on the glass transition temperature has a profound effect on the state of the polymer and subsequently its properties. The rubbery state is ideal as the polymer binder still retains it structural rigidity and mechanical strengths whilst being flexible to resist shocks and impacts. See figure 3. 

[image: ]
[bookmark: _Toc219113132]Figure 3 - Glass Transition [3]
3.7. Polymer binders exhibit phase transition as part of glass transition temperature (Tg). Tg is extremely relevant to OME as it directly determines the PBXs sensitivity to shock, vibration or impact from external stimuli. It can be seen that if a polymer binder is operating below its Tg then it can become glassy making more sensitive to stimuli requiring less activation energy as the polymer chains have limited molecular mobility and so cannot disperse the energy that can lead to friction and or hot spot generation leading to unintended initiation. This poses as significant safety risk.    

3.8. If the binder is above its Tg at the ideal rubbery state it becomes soft but maintains structural integrity making it less sensitive to stimuli requiring more activation energy allowing molecular mobility to absorb energy. 

3.9. However, binders need to be designed in such a way that it remains in its rubbery state for the intended service environment and typical temperatures it will be subjected to so that the right balance of safety and sensitivity thus performance is achieved to as if temperatures were to reach extremes the binder could too viscous leading to exudation (binder migration) posing other safety related issues. 

3.10. A study on curing kinetics found that the Tg of polyurethane elastomers reflect its thermal stability and degradation properties. The Tg is related to the cross-linking density and structure of the elastomer. This shows that with the right modifications by introducing an epoxy group the Tg was increased by 5 °C, and the thermal stability also improved. See figure 4. [4]

[image: ]
[bookmark: _Toc219113133]Figure 4 - Modified Glass Transition Temperature [4]
3.11. To provide greater capabilities and characteristics to the binder, certain additives can be combined. [5] For example:

· Plasticizer – small chain polymers used to improve flexibility and reduce brittleness. For example, thermoplastic polyurethane (TPU) [6] 
· Bonding Agents - chemically link the binder to the energetic so that micro-voids or gaps are less likely to form.
· Stabilizers – Extends shelf life by inhibiting decomposition and slows down autocatalytic breakdown of nitro compounds. 
· Curing Agents – Hardens the polymer binder into a durable cross-linked network. Giving greater dimensional stability and resist deformation under stress. 
· Antioxidants – Further extends life by protecting the binder from oxygen attack, UV exposure, or thermal stress. 

3.12. These are extremely useful in OME as it modifies the binder into the most desirable product to optimise safety, reliability and performance throughout its lifecycle. [footnoteRef:4] [4:  Unfortunately, PBXs suffer from similar issues common with other explosives that they produce waste and pollution as part of their lifecycle from manufacture, to use and disposal. However, there have been studies that suggest cleaner alternative components and formulations that come from using thermoplastic elastomers that have been discussed above. [17]] 


3.13. One of the drawbacks from using inert binders like HTPB [7] is that they improve safety with the trade-off for reduced overall performance. However, this can be mitigated by introducing energetic binders. One example is Poly Glycidyl Nitrate (PGN) which contains a nitrate group. This provides a higher density and oxygen balance providing higher heats of formation when they decompose increasing performance. Nitrate ester highlighted red in figure 5. [8]


[image: ]
[bookmark: _Toc219113134]Figure 5 - PGN [8]
3.14. To take this a step further, nontoxic method for creating energetic binders can be done through Aza-Michael reactions. This is done by using PGN as a Michael acceptor where the (-OH) are esterified, making acryloyoxy-terminated PGN (ATPGN). This is then mixed with an Aza-Michael donor – multifunctional amine where nucleophilic attack occurs as the amine attacks the 𝛽-carbon of the acrylate group on the polymer chain. This creates a 𝛽-amino carbonyl linkage creating a 3d crosslinked network as well as a performing energetic binder that mitigates the drawbacks from using inert binders. [9]

[image: ]
[bookmark: _Toc219113135]Figure 6 - Aza-Michael Reaction [9]
3.15. To support aspects of what has been covered, heats of detonation can be used to calculate energy available to do mechanical work. [footnoteRef:5] This can be determined by knowing the enthalpies of formation of the reactants used to make up the PBX. [10] [5:  There are a number of computer programs like Delphy 6.0 and EXPLO5 that require the correct selection of equations of state that have been developed with the sole purpose to calculate detonation parameters. This reduces the burden of having to use heats of detonation. [18] [19]
] 


[image: ]



3.16. Further to this, oxygen balance refers to the oxygen required for the complete combustion of all products involved in the detonation. Sometimes there is a need for the use of the modified KW rules instead of the regular. If there is a negative balance, poor products like CO and NO are produced. If there is a positive balance, then complete combustion occurs and less harmful products are created like CO2 and NO2. [11]




3.17. Munitions will spend the majority of its lifecycle in storage whilst being subjected to various conditions and environments. As such it is important to understand what degradation mechanisms exist and how that can alter PBXs properties in relation to safety, performance and reliability. 

3.18. A study of Irganox 1010 used in PBX 9501 found that hydrolysis, scission and oxidation led to decomposition products resulting in cleavage of ester groups while oxidation occurred in multiple locations. This results in less antioxidants, so oxidation occurs faster accelerating the formation of acids that produces reactive species that attacks the binder leading to more degradation. This causes the binder to lose it critical properties increasing brittleness and cracking, change in density and porosity and potential exudation of plasticiser. [12] [13]

[image: ]
[bookmark: _Toc219113136]Figure 7 - Degradation Pathways [12]

3.19. However, experience has shown that through effective design of munition whilst under ideal storage conditions through climatic control, certain munitions will remain safe and serviceable. Suitable inspection processes and testing have enabled nations to extend shelf life of munitions far beyond their intended service life but with the risk of failure to function when required. There is also great importance to ensure chemical compatibility to ensure that there are no adverse reactions that could lead to poor outcomes. 

3.20. A useful formula to understand the rate of degradation (chemical reaction) in relation to temperature is the Arrhenius equation. As such it can be used to determine how the rate of degradation increases as temperature increases. [footnoteRef:6]This is the basis for artificial ageing to allow us to know what the condition of an explosive will be like in 25 years after being heated at 60 °C for periods up to 25 weeks. [14] [6:  Further studies do support the Arrhenius equation for short term accelerated ageing, however it has its limitations as modern energetics are complex formulation each with their own pre-exponential factor and activation energy that the equation does not compute. [20] ] 


k	=	rate constant
A	=	pre-exponential factor
Ea	=	activation energy
R	=	universal gas constant
T	=	absolute temperature (in Kelvin)

4. [bookmark: _Toc186455138][bookmark: _Toc186455270][bookmark: _Toc219113224]Conclusion

4.1. In conclusion, the presentation and subsequent reflection have highlighted the critical role of polymer chemistry in the design and ageing of Polymer Bonded Explosives (PBXs) through life. 

4.2. Through understanding polymer structure, morphology and glass transition temperatures.  The design of these binders through suitable selection and modification is essential to underpinning safety, reliability and performance. 

4.3. Also, rate of degradation and possible mechanisms have been looked at to understand how PBX breakdown but under ideal storage conditions and correct processes, the effects of ageing can be mitigated. 

4.4. In addition, it is crucial to strike the right balance of additives and use of energetic binders to ensure compliance with insensitive munition requirements whilst maintaining operational effectiveness. Doing this meets OME regulations. 
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[bookmark: _Toc219113227]Annex B – Presentation Highlights

· What is a PBX? – Provided the history, JSP 333 definition, typical formualtion. 
· Why are they important? – Establishing relevance to OME by identfiying key UK standards and policies specified by the Ministry of Defence (MoD) and enforced by the Defence Ordnance Safety Regulator (DOSR) like DSA 03 OME DCOP 112 and STANAG 4439 which ensures that munitions are designed to ensure risks are As Low As Reasonably Practicable (ALARP) which is achieved through PBXs.   
· What are polymeric binders? – Overview of binder purpose and utility. 
· How are polymers formed? – Explained the mechanisms and used animations to show step and chain growth. 
· Polymer structures – Specified linear and branched structures and how these form thermoplastic as they are flexible and able to be reshaped when heated due to weak bonds. Specified cross-linked and networked used in thermosetting and cant be reshaped due to strong covalent bonds.  
· Polymer morphology – Crystalline, Amorphous and Semi-Crystalline polymers 
· Thermoplastic Elastomers – Duel phase morphology incorperating soft and hard regions seen in thermoplastic and thermosetting. 
· Glass Transition Temperature – Specified region where material changes from glass and rubber state. Related to thermoplastic elastomers and its properties.  
· Types of additives – Specified a range of useful additives that augments polymer binders to provide greater capability and longevity. Showed off energetic plasticiser. 
· Examples of polymeric binders – Showed chemical reaction forming polyurethane and Poly Glycidyl Nitrate as an energetic binders and how it gains additional energy from its nitrate group leading to higher energy density and oxygen balance leading to higher heats of detonation when decomposing increasing performance. 
· Interplay between binder and energetic – Forms a continuous matrix surrounding the binder and provides additional properties improving resistance to mechanical and physical degradation. 
· Using binders in munitions – Summerising topics covered and how the formulation of PBX provides MoD with ability to demonstrate compliance against IM policy. 
· Polymer effect on safety – Explained how Thermoplastic elastomers provide best properties to energetic and how it related to glass transition temperature. 
· Polymer effect on stabiltity – Explained benefits of polymers in protecting energetic throughlife and how additives provide further capability and longevity. 
· Polymer effect on performance – How energetic binders improved performance to see higher velcity of detonation and pressure whilst maintaining IM status. 
· Balancing act – Importance of formulating the munition correctly, can be too sensitive or insensitive and need to ensure chemical compatability. 
· Ageing mechanisms – covering mechanisms from manufacture through its service life. 
· Lifecycle implications – How environmental factors lead to chemical and physical degradation that leads to munitinon no longer being safe or reliable. 
· Miniming the effect of ageing – Correct storage environment (climate control) deisgn the munitions for its intended service eviornment and use suitable monitoring. 
· Monitoring – Live firings, Breakdown Test and Criticality Analysis. Artificial Ageing.
· Ageing example – Used an example from industry, Rowanex 1400. 
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Aims of this presentation 

To explain what a Polymer Bonded Explosive (PBX) is.

What the materials chemistry is behind PBXs.

The interplay between the polymer and energetic.

How this affects performance, stability and safety.

Ways that PBXs experience ageing.

Effects of ageing on performance, stability and safety.

How this has translated to today's munitions.





















What is PBX?



Since ~1950 have been developed in order to reduce sensitivity and to facilitate safety and ease of handling. They have also shown improved processability and mechanical properties. 



An early, prominent example of a PBX is Semtex, created in 1966. It consists of varying ratios of PETN and RDX, and polyisobutylene used as a polymeric matrix with and additional acid substance to act as a plasticizer. 

[1]









What is PBX?

A PBX is essentially an explosive combined with a polymer binder. 



Typically, PBXs constitute 80-95% energetic crystals and 5-20% of a soft polymer binder.



As such, the crystalline explosive is embedded in a rubber-like polymeric matrix. The explosive provides the energy, and the polymer augments the mechanical properties. 



JSP 333 - 'currently, PBX explosives are found only in warheads that do not experience high g-force loading' (2017). [2]











Why is this important?

UK MoD require that new munitions meet Insensitive Munition (IM) policy as to enhance the MoD’s ability to demonstrate that risks are As Low As Reasonably Practicable (ALARP). As per DSA 03 OME DCOP 112. [3]



For those outside of MoD, you should be familiar with STANAG 4439 which provides contractual requirements to design and assess an insensitive munition. [4]



PBX provides the MoD with the ability to demonstrate this!





























Polymeric Binders









What are Polymeric binders?	

Made up of polymers, these are materials used to bind separate particles together and provides a desired consistency and properties. 



Earliest polymer used was nitrocellulose but as an energetic not a binder. However, as time moved on development of inert thermoplastics elastomers (TPE) like polystyrene allowed for screw extrusion and injection moulding of energetics easing processability. With newer binders containing energetic material to improve lethality. 











What types of polymers exist? Natural and synthetic. Examples are DNA, cellulose and Nylon and polystyrene

7



How are polymers formed?

Polymerisation can occur through two methods:



Step growth involves a condensation reaction where monomers or short polymer chains join creating water/ethanol as a byproduct. At times can involve functional groups.



Chain growth is where monomers join onto the active sites of a growing polymer one at a time. 

Initiation – there are three initiators; radical, anionic and cationic. 

Propagation

Termination









[5]

[6]

[7]
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Polymer Morphology

As with other molecules, arrangement and ordering of polymer chains affects polymer properties like strength, toughness and flexibility. This will have a subsequent impact on the energetic that it is bonded with. 



Crystalline Polymers – ordered structure provides high mechanical strength, thermal stability.



Amorphous Polymers – no regular structure means less rigid and flexible. 



Semi-Crystalline Polymers – middle ground of both. 







[8]











Already covered polymer structure, linear and branched classified as thermoplastics as they are flexible and capable of reshaping when heated as the weak bonds are broken. 



Thermosetting however like cross linked and networked have strong covalent bonds or are chemically bonded which make them extremely resistant to heat and so cannot be reshaped. 







9



Thermoplastic Elastomers (TPE)

Special polymer that incorporates dual-phase morphologies. These are polymers that are elastic at room temperature.



These have the rubber like properties of a thermoset elastomer and the processing characteristics of a thermoplastic.



Have two regions, soft block (elastomeric portion) and the hard block (thermoplastic portion). Utilise physical crosslinks not covalent bonds which allows to be remoulded, reshaped and reused. 



[9]











Glass Transition Temperature 



Glassy state – hard, rigid and brittle like a crystalline solid but still is an amorphous. 



Rubbery state – When heated to the required temperature, segments of polymer chains can move becoming soft and flexible.



The glass transition point is the region where the polymer undergoes the change from one state to another.



The most ideal state!!!

[10]









Glass Transition Temperature

Temperature below Tg – Glass state

Temperature above Tg – Rubbery state



The glass transition temperature is directly related to the mechanical properties of the polymer. However, it can be affected by additives, cooling rate, molecular structure etc. 



By using polymers as binders, the vulnerabilities of using sensitive energetics will be reduced as the properties of the binder will be passed onto the explosive fill.





[9]









Additives

There are many different additives that can be combined with the polymer:



Plasticizer – small chain polymers used to improve flexibility and reduce brittleness. 

Bonding Agents - chemically links the binder to the energetic so that micro-voids or gaps are less likely to form.

Stabilizers – Extends shelf life by inhibiting decomposition and slows down autocatalytic breakdown of nitro compounds. 

Curing Agents – Hardens the polymer binder into a durable cross-linked network. Giving greater dimensional stability and resist deformation under stress. 

Antioxidants – Further extends life by protecting the binder from oxygen attack, UV exposure or thermal stress. 



N-butylnitratoethylnitramine (butyINENA) is a plasticiser but also an energetic that improves performance. 

[11]









Examples of polymeric binders

Polyurethane are synthetic polymers formed from reaction of di- or multi-functional isocyanates. These become entangled but not chemically bonded providing greater flexibility.  







Poly Glycidyl Nitrate (PGN) is an energetic binder that contains a nitrate group. It has a higher density and oxygen balance providing additional energy when is released when they decompose increasing performance. 







Nitrate Ester

[11]

[12]









Interplay between binder and energetic

The binder forms a continuous matrix surrounding the crystalline energetic. This means that the crystal is coated and fixed in place reducing friction that leads to hotspot generation. 



The polymer matrix dissipates shocks from impacts and vibration across the binder instead of concentrating stress at the crystal edges reducing sensitivity. 



Binder is a barrier that protects the energetic from moisture ingress and oxidation that would cause breakdown and dissipate heat. 



[13]









Using binders in munitions

By designing munitions with binders that rest at rubbery state in typical temperatures will make processability easier as they are soft and flexible meaning they can be injected, formed and moulded to casings better. 



Then through service they will be desensitised and less susceptible to shock, vibrations and other stimuli thus demonstrating safety and suitability with compliance against IM requirement. 



Drawbacks to consider though are that if the Tg is too low then the binder may soften at high temperature leading to dimensional instability, structural integrity concerns and reduced strength. We have seen issues like this in poor storage conditions, munitions kept in containers in hot climates. 







[9]









Polymers – Effect on Safety

TPE like Thermoplastic Polyurethanes (TPU) provides the best of both worlds. The hard regions provides strength, thermal and dimensional stability whilst soft regions provide elastic and processable. 



By creating binders which Tg rests in the rubbery state maintains flexibility, processability and softness to be able to resist shock, impact and vibrational effects. Also reduces crack propagation. 









Polymers – Effect on Stability

The binder provides greater resistance to thermal decomposition and less susceptible to fluctuating temperatures. 



Using the correct additives protects the energetic from environmental conditions reducing oxidation and hydrolysis.



Reduces the likelihood of cracking or voids forming during manufacture and through service. 













Polymers – Effect on Performance



Using binders with energetic additives further improves performance and should see greater velocity of detonation and pressures whilst maintaining IM status. 



However, inert binders can be used which reduces lethality but can be a worthy trade-off for better safety and stability. 











Balancing act

It is important to strike the right balance when combining polymeric binders along with required additives with crystalline energetics. They must be compatible. 



Otherwise, can make the munition too insensitive as to not function or too sensitive that it poses a safety risk from external stimuli or autoignition.





























Crystallography









Crystallography – Importance in energetics

Performance of energetic materials depends on crystal properties

Density

Heat of formation

Sensitivity depends on crystal properties

Arrangement of molecules in the crystal

Perfection of the crystals

Processability is dependent on crystal size and morphology

Aging and long-term stability depends on crystal properties









Crystallography - Allotropy vs morphology/polymorphism

Same element but different structural forms, e.g. carbon:







Same molecules but different packing arrangements – conformations*:

*Conformations – different rotational structures











A monoclinic polymorph is a substance that can exist in multiple crystal structures (polymorphs), one of which has a monoclinic crystal system. This system is characterized by three unequal crystallographic axes where two axes are at right angles, and the third axis is at an oblique angle to the other two, resulting in a crystal structure with a lower degree of symmetry than an orthorhombic crystal system. 
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Crystallography – Habit vs polymorphism

Polymorphic form: refers to the internal structure and is dependent on thermodynamics – microscopic level?

Crystal habit: describes the shape of a particular crystal and is dependent on kinetics, and influenced by the environment in which the crystal is grown – macroscopic level, kinetics?













Conformations – Hexanitrohexaazaisowurtzitane (CL-20)







Conformations – different rotational structures.



Different conformations result in different polymorphs – so what?

ε - variant/polymorph which has been found to be the most thermodynamically stable under normal ambient conditions. 















Crystallography – Unit cell and crystal systems 













Phase diagram of RDX

Describes the region of pressure-temperature phase where each form is stable. 

Polymorphs are named based on chronology – i.e. when they were discovered: α, γ, ε etc. 

Gibbs Free Energy (or spontaneity)

Gibbs' Phase Rule





Transition temperature (Ttrs) – the spontaneous conversion of one phase into another phase for a given pressure. At the transition temperature the two phases are in equilibrium, meaning the Gibbs energy of the system is a minimum at the prevailing pressure. 

 



A metastable phase is a state of a system that is stable under specific conditions but can transition to a more stable phase when disturbed. This phase can exist for a significant period, even though it is not the lowest energy state, and it often appears in phase diagrams as a distinct region. Understanding metastable phases is essential for grasping concepts like phase transitions and the Gibbs' Phase Rule, which explains how different phases coexist in equilibrium











Effect of temperature on crystal formation / Kinetics 





Temperature was raised above 10°C and cycled between 5°C-15°C:

Temperature was kept below 10°C and experienced limited thermal cycling:

It is presumed that the material failed to sufficiently develop due to: 

Nucleation step - initial stage where molecules begin to cluster together around a nucleus/initiation point;

Crystal growth step – once stable nuclei have formed; the addition of solute particles can develop. 









Crystallography – Crystal habit: direction/planes 

Effect of crystal habit on performance 

Anistropy – is the structural property of non-uniformity in different directions; as opposed to isotropy where properties are the same in all directions.





Miller indices: define the orientation of a crystal plane within a crystal lattice.



All axes at right angles and of unequal length – presumed to be body-centred









Crystallography – Effect on storage stability 

A greater surface area e.g. in powder form results in a greater rate of absorption and decomposition/deterioration. 

The following graph demonstrates the effect of grain size on lead (II) azide and its rate of decomposition:













Crystallography – Effect on performance

The following table compares the differences between single crystal forms and their powdered equivalents:















Performance is related to density – greater density of polymorphs result in greater VoD (all other things being equal).













Crystallography – Effect on sensitivity 

Uniform crystal morphology, and therefore less defects enable the reduction in sensitivity of the energetic. Potential reduction in friction between surface faces and generation of hot-spots?

Single crystal (monocrystal) form against its powdered equivalent:







* Gap Test: used to measure the ability of a substance, under confinement (in a steel tube), to propagate a detonation by subjecting it to the detonation from a booster charge









Relevance to PBXs

From a macroscopic level, PBXs can be viewed as uniform; but the microscopic level reveals it to be a 'dispersed' material.

This means it consists of a material which exists in more than one phase*. 

This needs to be taken into considered when considering material compatibility, temperature range of operation – differing rates of expansion between the components etc. 





*Phase: distinct and homogeneous form of mattercharacterized by uniform physical and ch-emical properties









Crystallography – Effect on storage stability: a case study 







Ammonium nitrate exhibits complex polymorphism, whereby it exhibits three different polymorphic phase transitions in its operating range: -40 to +60°C 

Usability is enabled by the addition of a phase stabilizer in the form of potassium nitrate, creating phase-stabilized ammonium nitrate (PSAN).

Used in airbags but the high absolute humidity (AN is hydroscopic) and high thermal cycling resulted in uncontrolled burning and fragmentation of the casing. 

Presumed to be due to the cycling effect induced by passing through different phases .

Resulted in the deaths of 13 people in the US over a 15-year period.





Metastable phase line- equilibrium – Gibbs free energy = 0















Co-crystallisation



The co-crystallisation of energetics aims to replace the binder component of PBXs, thus raising their power whilst reducing the sensitivity.

It could be seen to reduce the 'complexity' of the overall energetic material system by removing a material which has its own disparate qualities – its own idiosyncratic rate of expansion etc. Thus, making the material characteristics more predictable.

Potentially making its aging characteristics more predictable and easier to model.   

































Ageing









Ageing Mechanisms

The environment plays a crucial part in an energetics ageing from manufacture through its service life:



Temperature

Humidity

Oxygen 

UV Exposure

Mechanical Stresses (vibration, shock, impacts)

Stabiliser migration and depletion 













Lifecycle Implications

The result of these environmental factors can lead to physical and chemical degradation. 



Chemical – Hydrolysis and oxidation both lead to the breakdown of the polymer binder leading to brittleness as well as producing reactive molecules that consume stabiliser accelerating decomposition leading to thermal runaway. 



Physical – Loses its robust properties that make it more sensitive to shocks and impacts and increases rate of voids and cracks forming that can lead to hotspot generation and heating. 









Minimising the effect of ageing 

To minimize the effects:



Design the explosive with purpose and service environment in mind to ensure desired properties. 



Ensure appropriate storage conditions with climatic control.



Implement suitable monitoring processes.











Monitoring 

Within the MoD the In-service surveillance is carried out to monitor S3 status:



Live firings



Breakdown Test and Criticality Analysis 



As part of development, artificial ageing can be carried out!









Ageing Example

Rowanex 1400 is a PBX made of 66% RDX, 22% Aluminium, 5% HTPB and 7% Plasticizer. 









Represents 20 years of service life.

Various tests found that the chemical and physical properties changed with age but had not sufficient to compromise IM capability. 











Learning Outcomes

Breakdown of the chemistry of polymers and energetic and factors that affect them. 

Throughout, we have detailed the interplay between polymer binders and crystalline energetic fillers. 

Have explained how their relationship governs stability, performance and safe lifecycle of PBXs.

Listed methods of degradation that come with age and the implications it has on PBX lifecycle.

Captured ways to minimise impacts of ageing. 









Questions?









Suggested further reading

Ageing Effects on the Mechanical Properties of a Polymer Bonded Explosive | SpringerLink



Research progress of nitrate ester binders – ScienceDirect



Temperature and strain rate effects on the mechanical properties of a polymer-bonded explosive | The European Physical Journal Special Topics
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Attention

The remainder of this presentation was Ben’s responsibility. As he was ill on the day of the presentation his section was split off and ended here. 









Ben!!!!

Ben we split out the presentation from what we did on Friday, the following slides are your bag 









Modern PBX’s(BL)

In general, PBX’s display increased resistance to Inadvertent Detonation during a weapon’s CADMID Cycle and thus makes them a sensible choice for modern Insensitive Munitions.











Thermodynamic Data(BL)

Use of chemical equations, reaction mechanisms, thermodynamic data, How PBX decomposes 



Rearrangement of the Arrhenius Equation indicates that EM held for a short time at elevated Temperatures is equivalent to natural Aging over a longer period: 











How PBX’s Age(BL)



Over an extended period, plasticizers show a tendency to “leak” out of the EM (Migration); Molecular Weight is a crucial factor (lighter Polymers Migrate slower).



Migration results in the EM hardening and shrinking as it loses Mass; poor Explosive Performance, Cracking, shortens Service Life and compromised Safety due to increased Sensitivity can all be expected should this occur.



To counter this, it is critical to tailor the plasticizer to the Energetic: similar molecular makeups result in a more homogenous mixture and a safeguard against Separation. Use of Crystalline Coatings for better Explosive / Binder adhesion and use of correct Storage procedures also prevent Migration.









How PBX’s Age(BL)

EM is subjected to Accelerated Aging; material samples are placed in Diurnal Cycles to simulate periods of “real world” wear.



This highlights what changes can be expected in the Material over time and can be anticipated ahead of time.



In general, older EM displays a lower AE and decomposition temperature (as high as 15 Degrees lower). However, it has been observed that PBX’s subjected to long-term Aging perform remarkably well. Rowanex 1100 showed mechanical differences after a 20 Year AA Trial but the change was not sufficient to compromise IM; which assists with Safety Management.



Data obtained informs expected Service Lives, Surveillance And Life Extension (SALE) Planning, SHT&P Policy (DSA03.OME) and Cost.











Lifecycle Implications(BL)

Sensitivity caused by EM Aging informs Testing work:















Regulatory Compliance informs the Safety Argument that the EM is S3 and grants confidence in a decreased likelihood of accidental Fatalities. 





		Test		Standard

		Dynamic Mechanical Analysis		STANAG 4540

		Tensile Strength Testing		STANAG 4506

		Moisture Testing		Defence Memorandum 30032004

		Anti-Oxidant Testing 		STANAG 4581

		Drop / Shock Testing		DEFSTAN 00-35

		Vibration Testing		DCOP-34











Lifecycle Implications(BL)

PBX’s, despite their long-term Stability, are still subject to same Environmental Factors that informs Storage Policy (DSA03.OME)



Temperature: Excesses of Temperature increases Sensitivity and overtemperature Assets may automatically detonate; Stores should be held at 15 Degrees for optimal Service Life. 



Moisture: Water Ingress massively accelerates Ageing effects and increases Instability; EM is to be kept within hermetically sealed containers. 

This also applies to airborne Moisture; Humidity is to be kept between below 50% saturation to prevent degradation and reduce the likelihood of Arcing. 









How does aging affect PBX’s over its lifecycle?

Ageing Effects on the Mechanical Properties of a Polymer Bonded Explosive | SpringerLink



Effects of aging on mechanical sensitivity threshold and thermal decomposition characteristic of RDX/HMX – ScienceDirect



(PDF) Polymer-bonded secondary explosives



GICHD_Ageing_Guide_2023_v24_web.pdf





The influence of temperature and humidity on the decomposition of HMX-HTPB polymer-bonded explosives – ScienceDirect



Accelerated Age Testing of Explosives and Propellants | SpringerLink



View of Chemical Stability, Compatibility and Shelf Life of Explosives



HTPB propellant aging mechanisms and safety characteristics: microscopic structural changes, thermal stability, and self-accelerating decomposition temperature – ScienceDirect – modified arrenhius equation











Talk about any formulas or calculation that can be made



Modified Arrhenius equation 









How to monitor

ISS -	firing, btca, artificial aging

Hplc – stabaliser

HFC











Learning Outcomes

Breakdown of the chemistry of polymers and energetic and factors that affect them. 

Throughout, we have detailed the interplay between polymer binders and crystalline energetic fillers. 

Have explained how their relationship governs stability, performance and safe lifecycle of PBXs.

Listed methods of degradation that come with age and the implications it has on PBX lifecycle.

Captured ways to minimise impacts of ageing. 









Questions?









Suggested further reading

Ageing Effects on the Mechanical Properties of a Polymer Bonded Explosive | SpringerLink



Research progress of nitrate ester binders – ScienceDirect



Temperature and strain rate effects on the mechanical properties of a polymer-bonded explosive | The European Physical Journal Special Topics
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Figure 4. Crystal morphology simulation diagram of B-HMX in DMSO-water system with
different mass fractions of water. (a) 0%, (b) 5%, (c) 10%, (d) 15%, and () 20%.
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Table Anisotropy of Detonation Velocity

Explosive Dansigy Initiated Velocity of Detonation
Monocrystal g em™ Face m sec™
RDX 1.80 (111) 8437 * 60
(110) 8587 =+ 50
(001) 8699 = 70
PETN 1.78 (110) 8087 =+ 37

(001) 8042 = 42
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Environmental Conditions

31days at71°C

169 days B3 cycling (diurnal cycle 33-71°C)
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